ABSTRACT This study was aimed at analyzing bone properties of Lohmann White hens in different commercial housing systems at various points throughout production. Pullets reared in conventional cages (CC) were either continued in CC or moved to enriched colony cages (EN) at 19 weeks. Pullets reared in cage-free aviaries (AV) were moved to AV hen houses. Bone samples were collected from 60 hens at each of 18 and 72 wk and 30 hens at 26 and 56 wk from each housing system. Left tibiae and humeri were broken under uniform bending to analyze mechanical properties. Cortical geometry was analyzed using digital calipers at the fracture site. Contralateral tibiae and humeri were used for measurement of ash percentage. AV pullets' humeri had 41% greater cortical areas, and tibiae had 19% greater cortical areas than the CC pullets (P < 0.05). Average humeri diameter was greater in AV pullets than in CC pullets (P < 0.05), whereas the tibiae outer dimensions were similar. Aviary pullet bones had greater stiffness (31 and 7% greater for tibiae and humeri, respectively) and second moment of inertia (43 and 13% greater for tibiae and humeri, respectively) than CC pullets (P < 0.05). The differences between bones of AV and CC hens persisted throughout the laying cycle. Moving CC pullets to EN resulted in decreased endosteal resorption in humeri, evident by a 7.5% greater cortical area in the EN hens (P < 0.05). Whole-bone breaking strength did not change with age. Stiffness increased with age, while energy to failure decreased in both the tibiae and humeri. These results indicated that tibiae and humeri of laying hens become stiffer but lose toughness and become brittle with age. Furthermore, AV and EN systems can bring positive changes in mechanical and structural properties that are more pronounced in the humerus than the tibia.
INTRODUCTION
Conventional cages were received with criticism over the ethical concerns of hens kept in them (Brambell, 1965) and eventually were banned in the European Union at the start of 2012 (CEC, 1999) , making way for enriched or furnished cages and non-cage systems (single-and multi-tier aviaries, free-range). In addition to ethical concerns, conventional cages were linked with skeletal problems in laying hens. Fracture (sin-gle or multiple) prevalence of 29% has been reported in end-of-lay caged hens, which soared to a staggering 98% by the time the carcasses reached the evisceration line (Gregory and Wilkins, 1989) . Fractures of the tibia, humerus, and keel were the most common. Bone properties of laying hens in different housing conditions have often been studied at a single time point, mostly at the end of the first production period (Leyendecker et al., 2005; Clark et al., 2008; Jendral et al., 2008) . Such studies are insufficient to draw inferences on skeletal dynamics throughout the entire productive life of the bird, because of the possible interaction between age and physical activity in a particular housing system. Previous work in our laboratory provided evidence that the properties of the tibia and humerus change in response to housing environments, with differences reported when the samples were analyzed at 16 wk (Regmi et al., 2015) . In another study, bone mass and associated mechanical changes of the tibia and humerus were maintained only if the level of physical activity was continued throughout production. In the same study housing hens in enriched colony cages (moderate physical activity), after rearing them in conventional cages during the pullet stage, prevented to some extent bone loss (Regmi et al., 2016) . These results suggest a possible interaction between age and housing condition. While dual energy x-ray absorptiometry scans have been used to track bone mineral density in White Leghorns throughout the production period (Schreiweis et al., 2004) , this is an indicator only of mineral content and does not provide a complete picture of the mechanical integrity of bone.
In the wake of consumer concerns regarding animal welfare in various egg production systems in the United States, producers are exploring new housing systems for laying hens. Unfortunately, there is a dearth of information regarding how laying hens adapt with the demands of production throughout the lay cycle in these new housing environments. High incidences of keel bone fractures, most probably of traumatic origin, have been reported in the cage-free aviaries and the enriched colony cages (Wilkins et al., 2004; Rodenburg et al., 2008; Petrik et al., 2015) , whereas osteoporosis is the major concern in conventional cages. The effect of different housing-specific phenomena in the overall balance of bone remodeling in laying hens is yet unclear. The specific aim of the current experiment was to evaluate changes in tibial and humeral properties at different time points throughout egg production in conventional cages, enriched colony cages, and cage-free aviary systems.
MATERIALS AND METHODS
The experimental procedures were approved by the Institutional Animal Care and Use Committee at Michigan State University.
Birds, Management, and Sampling
Lohmann White hens were raised in a commercial setting. Pullets were housed in conventional pullet cages (CC) and an aviary system (AV). The stocking density and space allowance were the same as reported earlier by Regmi et al. (2015) for the first flock. Briefly, 15 pullets/cage were kept in CC with an area of 248 cm 2 /bird. AV pullets were stocked at 218 birds per colony unit with space allocation of 160 cm 2/ bird for 9 wk, after which the total cage space was increased to 249 cm 2 /bird. The birds had floor access beginning at 6 wk, providing an additional space of 100.13 cm 2/ bird. Feeding, lighting, and health management were the same for both groups of pullets.
At 19 wk, CC pullets were continued in conventional layer cages or transferred to enriched colony cages (EN). AV pullets were moved to a multi-tier aviary housing system. The housing design and space allocation were the same as described by Zhao et al. (2015) . In CC, the hens were housed at 6 hens/cage with a space allocation of 516 cm 2 /bird. Hens in EN were housed at 60 birds/colony unit and were provided a total space of 752 cm 2 /bird. The AV hens were housed at 142 hens/colony unit with a minimum space allocation of 1253 cm 2 /bird. Pullets across CC rearing and AV rearing systems were fed the same diet, and the feed was formulated to meet the breeder's recommendations. During the laying period, diets were formulated using least cost formulation on the basis of hen productivity and feed ingredients. Nutrient intake was calculated for each housing system across 15 periods (each period corresponded to 28 d) and is presented in great detail by Karcher et al. (2015) . Nutrient intake was derived by multiplying feed intake and formulated values of each diet. Health management was carried out according to the breeder's guidelines with hens having ad libitum access to water and feed. The hens were maintained on a 16:8 light and dark cycle during the lay cycle.
Hens were randomly sampled from each housing system and euthanized by cervical dislocation. One bone each from the pectoral (humerus) and pelvic (tibia) limbs was used in the study. Body weight was measured immediately after euthanasia. Tibiae and humeri from each bird were then collected. Serum biochemical markers were monitored throughout the productive life of birds as an indicator of bone formation and resorption. Sixty hens/housing system at 18 wk and 72 wk, and 30 hens/housing system at 26 wk and 56 wk were evaluated for bone analyses and serum concentrations of osteocalcin and hydroxylysyl pyridinoline. Serum samples to analyze bone markers also were collected at 4, 8, and 12 wk in this study. Bones were stored frozen with surrounding soft tissues. Osteocalcin and hydroxylysyl pyridinoline were quantified using ELISA assays, as described in an earlier study by Regmi et al. (2015) .
Geometrical and Mechanical Properties
Mechanical tests were conducted in a bending fixture described in a previous study by Regmi et al. (2015) . A 30-mL section of tibial diaphysis and a 20-mL section of humeral diaphysis were used to analyze failure properties of these bones. Briefly, antero-posterior (AP) and medio-lateral (ML) outer dimensions of the bones were measured with digital calipers near the ends and at each bone center. Cortical thickness along the anterior, posterior, lateral, and medial planes was measured at the fracture site. Outer dimensions and diaphyseal thicknesses were used to approximate the cortical crosssection as a hollow ellipse. Tibiae were loaded until failure with the lateral surface in tension, whereas humeri were loaded with the posterior surface in tension. The structural and mechanical parameters measured in this study were the second moment of area, maximum or failure bending moment (M f ), the bone stiffness (K), the bone failure stress (σ f ), the elastic or Young's modulus (E), and the energy to failure. Mathematical equations used to calculate the mechanical properties from the structural properties were described in detail by Regmi et al. (2015) . Contralateral tibiae and humeri were used to ascertain the mineral content of the entire bone as approximated by measurement of its ash content. Ash percentage of the tibiae and humeri, on a fat-free, dry-bone basis, were determined as described in a previous study (Regmi et al., 2015) .
Statistical Analysis
Data were analyzed using the multivariate mixed model ANOVA. The statistical model included main effects of housing system and age, the interaction between housing and age, and the residual error. The MIXED procedure of SAS 9.3 R (SAS Institute, Cary, NC) was used for the coded analysis. Differences between means were tested using Fisher's least-square difference with null hypothesis rejected at P < 0.05. Values were represented as least-square means with their respective standard error of the mean.
RESULTS AND DISCUSSION
Body weights of hens from different housing systems were not different (AV -1.58 ± 0.02 kg; CC -1.58 ± 0.02 kg; EN -1.55 ± 0.02 kg). The effect of age was observed with hens at 56 wk being heavier than 26 and 72 wk (26 wk -1.54 ± 0.02 kg; 56 wk -1.60 ± 0.02 kg; 72 wk -1.56 ± 0.01 kg; P < 0.05). The results of production performance and mortality of this same flock are described in Karcher et al. (2015) . Briefly, no difference in hen-day egg production was observed among the housing systems until the hens were 47 wk old, at which point greater egg production was observed in EN until the end of production (77 wk). Overall, hen mortality was higher in AV hens (∼11%) than CC and EN hens (∼5%). Mortality in AV hens started to rise at 31 wk of age . Housing system did not affect egg quality parameters, such as egg weight and shell strength, whereas the nutrient intake played a greater role, irrelevant of the housing type, in determining the egg quality parameters .
Tibiae and humeri responded differently to the housing conditions and age. The results of the structural and mechanical properties at the end of the rearing phase are presented in Table 1 . Tibiae and humeri cortical areas were greater in AV pullets than CC, although the percentage difference was greater in humeri (∼41%) compared to tibiae (∼19%; P < 0.05). Periosteal apposition was more apparent in humeri of AV hens as evident by increased cortical area and outer dimensions (P < 0.05). Tibial structural changes in the AV system were due to endocortical gain, as the differences were limited to cortical area and thickness and not in outer diameter. Cortical mass gained in the tibia and humeri of AV pullets resulted in the increased resistance to bending, as indicated by the greater second moment of area parameter in these birds than CC pullets (P < 0.05). Whole bone properties like failure moment and stiffness were greater in AV than CC pullets, as was the energy required to failure (P < 0.05). Interestingly, Young's modulus was greater in CC hens compared to AV hens (P < 0.05). The differences in tibia and humerus properties between AV and CC birds at the end of the pullet phase parallels with the results observed in the first flock housed in the same conditions (Regmi et al., 2015) . Geometrical differences between the housing systems observed at the end of the pullet phase were maintained throughout the laying period (Tables 2 and 3 ). The result of cortical gains increased the second moment of area in AV hens compared to CC hens (P < 0.05, Table 4 ). Tibiae and humeri of AV hens also had increased resistance to deformation (increased stiffness) and greater energy required to Means within the same column lacking a common superscript differ significantly (P < 0.05).
x-z Means within the same row lacking a common superscript differ significantly (P < 0.05). 1 AV (cage-free aviary system); EN (enriched colony cage); CC (conventional cage).
failure than CC hens (P < 0.05). As the layers aged, energy to failure and failure rotation decreased, whereas stiffness and Young's modulus increased (P < 0.05, Tables 4 and 5). These results indicate that the bones become brittle with age and require less energy to fracture. Despite a decrease in energy to fail and the deformation, maximum or the failure moment did not change with age. Failure stress did not change significantly with either age or housing type. The above statements indicate that the effects of housing and aging were more reflected in the structural bone properties rather than the material or bone quality parameters. Similar results with an increased stiffness of the bone accompanied by a decrease in toughness with age was previously reported in laying hens housed in barns and free-range and free-range with suspended perches systems (DE-FRA, 2008) . Increased stiffness was related to increase in bone mineral density measured by DEXA and decrease in bone collagen content with age. In our study, collagen content was not measured; however, greater tibia and humerus ash percentage was observed at 72 wk than 56 wk, implying an increased mineralization over time contributing to increased stiffness (P < 0.05, Figure 1) .
Furthermore, tibia cortical thinning was observed towards the end of the laying period in the current study (P < 0.05, Table 3), whereas age had no effect on the humeral cortical thickness. This difference in tibiae and humeri could have been a result of greater medullary content in tibiae compared to humeri. Medullary bone has a high concentration of osteoclasts because of its role in daily calcium turnover during production (van de Velde et al., 1984) , making the exposed endocortical surface of tibiae more vulnerable to resorption (Whitehead, 2004) . Analysis of the quantity and the nature of medullary bone were beyond the scope of the current study. General differences in the anatomy, loading pattern, and muscle mass around the bone could also be related to differential response between tibia and humeri. Tibiae and humeri of 2-year-old hens in free-range and CC systems have previously been reported to have mechanical and structural results similar to our study by Shipov et al. (2010) . Cortical area and thicknesses, failure load, stiffness, and second moment of area of tibiae and humeri of free-range hens were greater than CC hens (Shipov et al., 2010 ).
An interesting crossover interaction between housing and age was observed for tibia and humeri anteroposterior diameter and the average outer diameter (Table 3). The continuous shift in shape could be related to the bone's response to age and mechanical loading in order to acquire a slender geometry (Boskey and Coleman, 2010) . A phenomenon called "cortical drift" has been observed in human bones where a non-uniform remodeling of periosteum and endosteum resulted in antero-posterior or a medio-lateral drift of tibiae cortices throughout life (Goldman et al., 2009 ).
The differences in properties of tibia and humerus also were noted between the EN and CC hens. Hens housed in EN had greater humeri cortical area throughout the laying period compared to the CC hens (P < 0.05, Table 2 ). The difference in tibiae was observed only at the end of laying phase (72 wk) (P < 0.05, Table 5 ). Hens in commercial systems can load their tibiae in three possible ways-standing or body weight (present in all systems), low-impact loading activities such as walking and running (possible in EN and AV but limited in CC), and high-impact loading activities like jumping (limited in EN but very unlikely in CC). Loading environment in EN and CC for tibiae was probably not different enough to elicit density changes (Silversides et al., 2012) . Wing movement and flapping are greatly limited in CC compared to EN and could have resulted in structural differences of humeri. The differences in cortical measurements in EN and CC hens indicate that providing moderate exercise during laying phase reduces the extent of endosteal resorption. The results agree with the findings of other studies comparing furnished cages and floor pens to CC (Leyendecker et al., 2005; Vits et al., 2005; Jendral et al., 2008; Silversides et al., 2012) .
Serum and urinary concentration of hydroxylysylpyridinoline (PYD) and deoxypyridinoline (DPD) have been used in monitoring bone resorption or collagen turnover in osteoporosis and other metabolic bone disease (Garnero and Delmas, 1998) . Unlike DPD, PYD is not bone-specific, but PYD is absent in skin, and the ratio of PYD to DPD has been found to be similar in normal and known patients of metabolic bone diseases (Uebelhart et al., 1990; Robbins, 1995) . In this study, we used PYD to monitor systemic collagen turnover along with osteocalcin (OC) as a marker of bone formation. Mean serum OC concentration showed an overall trend of declining with age in both housing systems and was not different between the housing systems at 56 and 72 wks (Figures 2A and B ). An intriguing housing-byage interaction was observed for PYD concentration. Pyridinoline concentration increased in CC hens between 12 and 18 wks and declined thereafter before saturating at 56 wks, whereas in AV hens, PYD concentration was greater at 56 and 72 wks compared to 26 wks age (P < 0.05, Figure 2C and D). These changes coincided with structural indicators of bone mass such as tibia cortical area and second moment of area. Tibiae second moment of area in AV hens decreased after 56 wk (P < 0.05, Table 5 ). Similar changes in CC hens occurred between 26 and 56 wk (P < 0.05), but no difference was observed between 56 and 72 weeks. A significant decrease in the total number of flights was observed in AV hens from the analysis of video recording from the same flock at 54 wk and 76 wk compared to the 24 wk (Campbell et al., 2016) . These facts imply that the skeletal system of AV hens seems to cope with the rigors of early and peak egg production more efficiently than their caged counterparts. However, after 56 wk, a combination of continuous egg production and decreased flight behavior may have resulted in the decline of some bone mass in AV hens. One reason for this decreased flight activity in AV hens could have been due to the prevalence of keel bone fractures. The incidences of keel bone fractures in hens housed in systems with perches and floor pens similar to the AV system of this study have been reported to be highest at around 50 wk (Scholz et al., 2008; Petrik et al., 2015) , whereas keel fractures have been fairly low in conventional cages (Petrik et al., 2015) . Decreased mobility has been previously recorded in hens with keel bone fractures (Nasr et al., 2012; Richards et al., 2012) .
A period of reduced mobility and active systemic response to keel fracture repair might ultimately be responsible for decline in bone properties in AV hens. A detailed study of these mechanisms was beyond the scope of this study, and at this point, only hypothesis can be postulated.
In conclusion, housing system and the stage of production influenced numbers of structural parameters of the tibia and humerus in laying hens. Material properties indicative of the bone quality either did not change or were difficult to explain regarding the causeeffect relation. Bone quality is influenced by a variety of factors, which were not included in this study. Physical activity and aging are known to affect cortical and trabecular porosity, mineral crystallinity, and amount and quality of the collagen fibers, which play important roles in understanding the tissue quality of bones in mammalian subject and should be explored in commercial poultry in future experiments. Based on the results, AV hens had the strongest bone compared to EN and CC hens, whereas aging made the bone more brittle and, ultimately, requiring less energy to fracture. Tibiae and humeri of AV hens had greater cortical mass bone before the laying period than CC hens, and the changes were maintained until the end of the cycle. On the other hand, moving CC reared pullets to EN at the start of the laying cycle improved most humeri mechanical properties, while the effect was limited to increased stiffness in case of the tibiae. The difference between EN and CC bone properties was more apparent towards the end of the cycle, as suggested by the differences in cortical thickness and crosssectional second moment of area. It also was noted that the structural changes observed in the tibia were less prominent than it was observed for the humerus. Future research endeavors should focus on in vivo fracture and bone deformity data in the commercial housing systems for laying hens to understand the clinical significance of the changes observed in structural and mechanical properties.
